Slow photoelectron velocity-map imaging spectroscopy of the C9H7 (indenyl) and C13H9 (fluorenyl) anions
I. INTRODUCTION
Alkoxy radicals are known to play an important role in tropospheric and combustion chemistry. [1] [2] [3] [4] [5] [6] [7] Many experimental and theoretical studies have focused on the effects of adding various substituents onto the methoxy radical, the simplest alkoxy radical, looking for trends in tropospheric reaction kinetics, unimolecular processes, and overall reactivity. [1] [2] [3] [4] [5] 8 The hydroxymethoxy radical (H 2 C(OH)O · ) is an oxygenated alkoxy radical, proposed to be formed from the UV photofragmentation of hydroxymethyl hydroperoxide (H 2 C(OH)OOH), a product from the tropospheric oxidation of alkenes. [9] [10] [11] [12] [13] In addition to the potential atmospheric importance of the H 2 C(OH)O · radical, its corresponding anion, hydroxymethoxide (H 2 C(OH)O -), is the conjugate base of methanediol (H 2 C(OH) 2 ), considered to be a molecule of astrochemical and possible prebiotic relevance [14] [15] [16] [17] [18] as a building block of simple amino acids. 19, 20 Despite the relevance of the hydroxymethoxy radical to combustion and planetary chemistry, very little is known about its spectroscopy. In fact, H 2 C(OH)O · has only recently been experimentally observed. Cao et al. 21 detected H 2 C(OH)O · as a product from the reaction of atomic hydrogen with formic acid in a krypton matrix isolation experiment. In this experiment, the radical product was only stable for a few hours at the cryogenic matrix temperatures before isomerizing to HC · (OH) 2 . In general, the high reactivity of H 2 C(OH)O · makes a direct gas phase experimental observation very challenging. The comparison of H 2 C(OH)O · with other alkoxy radicals is an interesting study on the effects of non-alkyl substituents on the electronic structure of the methoxy radical. Previous experimental and theoretical works studied the effect of methyl substitutions, forming ethoxy, isopropoxy, and tertbutoxy radicals. [22] [23] [24] [25] [26] [27] The substitution of a methyl group for a hydrogen atom will change the electronic structure of the methoxy radical, breaking its C 3v symmetry. For the ethoxy radical, significant Jahn-Teller distortions were observed in the CH 3 CH 2 O -photoelectron spectrum, where the CH 3 CH 2 O ·Ã state was found to be only 355 cm −1 higher in energy than the groundX state. 22 The inclusion of vibronic coupling was imperative in order to analyze its spectrum. 23 There was significantly less vibronic coupling observed for the isopropoxy and tert-butoxy radicals. 22, 27 While the work on interpreting the photoelectron spectra of the ethoxide anion yielded results that needed to be analyzed with the inclusion of Jahn-Teller distortions and vibronic coupling, 22, 23, 25, 28 recent calculations suggest that this will not be the case for hydroxymethoxy. 26 Eisfeld and Francisco 11 studied low lying electronic states of H 2 C(OH)O · , focusing on calculating its electronic absorption spectra (CASSCF/CASPT2, CASSCF/MRCI+Q). Although they pointed out that nonadiabatic effects might exist between the low-lying electronic states of H 2 C(OH)O · , they were not explicitly included in the calculations. 11 Dillon and Yarkony, 26 on the other hand, explored the groundX 2 A and first excitedÃ 2 A electronic states of H 2 C(OH)O · (SA-MCSCF/MR-SDCI), comparing its electronic structure with other substitutional isomers of the methoxy radical (ethoxy and isopropoxy radicals). This work showed that there are strong nonadiabatic couplings between the ground (X 2 A) and the first excited (Ã 2 A) electronic states of H 2 C(OH)O · . This work presents an anion photoelectron spectroscopic investigation of the hydroxymethoxy radical, as well as the
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J. Chem. Phys. 145, 124317 (2016) measurement of its electron affinity (EA). Here, the ground X 2 A and first excitedÃ 2 A states of H 2 C(OH)O · are observed through negative ion photoelectron spectroscopy of H 2 C(OH)O -. The high reactivity of neutral H 2 C(OH)O · and its close relation to methanediol motivates its spectroscopic investigation through its negative ion, H 2 C(OH)O -, which is predicted to be more stable by 2.232 eV. 11 A comparison with other small alkoxy radicals is drawn, together with an exploration of the H-OCO torsional motion. Quantum chemical calculations aid in the interpretation of the photoelectron spectra and provide accurate thermochemical quantities of the gas phase chemistry of methanediol.
II. METHODS

A. Experimental
In this experiment, a velocity map imaging (VMI) mass-selected anion photoelectron spectrometer is employed, and has been described in detail previously. 29 Briefly, the experimental apparatus consists of three regions: the ion source, mass separation, and detection regions. The hydroxymethoxide anion is generated from an association reaction between the hydroxide anion (OH -) and neutral formaldehyde (H 2 CO) using a pulsed plasma entrainment ion source. 30 This source consists of two pulsed general valves (Parker-Hannifin, Series 9): a primary supersonic expansion (40 psig, ∼1% H 2 CO in argon) and a low flow secondary expansion (30 psi (gauge), 1% O 2 , 30% H 2 , balance argon), oriented perpendicularly to the primary expansion. The secondary expansion generates the OH -ions in a pulsed discharge. This plasma is entrained into the main supersonic expansion, which introduces the second reactant (H 2 CO), provides collisional cooling, and stabilizes the generated ions.
In order to produce a mixture of pure formaldehyde in argon, a procedure similar to the one described by Ho et al. is followed. 31 Here, a solid sample of polyoxymethylene (formaldehyde polymer) is heated to 60(5)
• C under a 40 psi (gauge) flow of argon. The principal product from the decomposition of polyoxymethylene is gaseous monomeric formaldehyde, but water and other small oligomers, such as dimeric formaldehyde and trioxane, are also formed. This gaseous mixture flows through a glass trap equipped with a fritted glass disk and held at −80
• C (dry ice/methanol bath) in order to trap these undesired products and prevent repolymerization. The vapor pressure of liquid formaldehyde at this temperature is enough to provide a ∼0.8% mixture of formaldehyde in argon. 32 Approximately 20 cm downstream from the primary supersonic expansion nozzle, the negative ions are extracted into a Wiley-McLaren time-of-flight mass spectrometer, where they are accelerated to ∼3 keV, separated by their massto-charge (m/z) ratio, steered, and focused onto an inline microchannel plate (MCP) detector. Using an appropriately timed laser pulse, anions with the desired m/z are selected for photodetachment at the spatial focus of the WileyMcLaren mass spectrometer. A horizontally polarized laser pulse creates a small volume of photodetached electrons, which are extracted into a VMI photoelectron spectrometer, perpendicular to the ion trajectory. These photoelectrons are projected onto a 2D position sensitive MCP/phosphor screen detector, coupled to a CCD camera. The resulting 2D photoelectron image is transformed into a photoelectron velocity distribution using the BASEX 33 Abel inversion program or the MEVELER 34 algorithm. The electron velocity is then converted to kinetic energy through a Jacobian transformation, yielding photoelectron spectra as a function of electron kinetic energy (eKE). Since the eKE depends on the wavelength used for photodetachment, the spectra are reported here as a function of electron binding energy (eBE = hν − eKE), which is independent of the photon energy.
The energy resolution of the VMI improves with decreasing eKE, with the best resolution for eKE ≤ 0.1 eV, becoming too poor to be really useful in this experiment for eKE ≥ 1.0 eV. Therefore, several different photon energies are used, with the combined results providing the reported photoelectron spectra. Specifically, the second and third harmonics of a pulsed Nd:YAG laser (2.33 eV (532 nm) and 3.49 eV (355 nm), respectively) and 2.74 eV (453 nm) from a 355 nm pumped optical parametric oscillator (OPO) were used in the work reported here. The laser light was focused on the ion interaction region using a 0.5 m focal length UV grade fused silica lens. In this experiment, for eKE 0.2 eV, the ratio of the peak full width at half maximum (fwhm) to eKE approaches a constant value of fwhm/eKE ∼3%. The energy scale was calibrated using the known photoelectron spectra of S -35,36 or OH -.
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In addition to the photoelectron kinetic energy distribution, the VMI spectrometer also provides the angular distribution of photoelectrons with respect to the laser polarization. Using the Cooper-Zare relation,
, which describes the photoelectron intensity as a function of the polar angle relative to the laser polarization axis, the observed photoelectron angular distributions can be fit to anisotropy parameters, β. This fitting procedure is implemented in the reconstruction software. 33, 34 The β parameter provides information about the angular momentum of the orbital from which the photoelectrons originate, and is a useful tool for identifying different electronic states of the neutral molecule being accessed. For a detailed description of angular distributions in negative ion photoelectron spectroscopy, see the review by Sanov.
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B. Theoretical methods
In this work, all electronic structure calculations are performed using the Gaussian 09 software package. 40 In order to calculate the photoelectron spectra, geometry optimizations and harmonic frequencies are calculated at the CCSD(T)/aug-cc-pVTZ level of theory for H 2 C(OH)O -, and ROCCSD(T)/aug-cc-pVTZ for the H 2 C(OH)O ·X 2 A state. For the excited H 2 C(OH)O ·Ã 2 A electronic state, geometry optimizations and frequencies are calculated using CIS/aug-cc-pVTZ, while single point energies were calculated at the EOMCCSD/aug-cc-pVTZ level of theory. The calculated normal modes and structural parameters are input into the PESCAL software package, which calculates Franck-Condon factors (FCF) based on the SharpRosenstock-Chen method with Duschinsky rotations. [41] [42] [43] The resulting FCFs are used to generate calculated photoelectron spectra.
When the stationary points on the potential surface for the hydroxymethoxy radical are analyzed, it is found that the minimum energy structure is rotated about the H3-O2-C-O1 torsion angle (see the inset in Fig. 1 for atom labeling) , labeled throughout this manuscript as ϕ HOCO , by ±48
• relative to its value at the minimum on the hydroxymethoxide surface, which is at ϕ HOCO = 0
• . A dihedral angle of 0
• is defined as a planar H-OCO moiety in the cis-conformation, as shown 
, and H 2 C(OH)O ·Ã 2 A (blue) states important in the photodetachment process. The anion potential energy surface was calculated by varying the ϕ HOCO dihedral angle while allowing the remaining coordinates to be optimized (referred to as a relaxed scan). The neutral surfaces were constructed by calculating the energy of the neutral molecule (X 2 A andÃ 2 A states) at the optimized anion geometries, referred to as the vertical potential energy curves, which represent the region of the potential energy surfaces important to photodetachment. The dashed horizontal lines represent the eigenvalues of these potentials, while their colors, together with the double headed arrows between the anion and neutral ground states, represent the parity allowed transitions. The calculated (CCSD(T)/augcc-pVTZ) structure of the hydroxymethoxide anion is also shown with the atom numbering and the dihedral angle, ϕ HOCO , referred to in the text.
in the inset in Fig. 1 . Based on this, the minimum for the groundX 2 A state of hydroxymethoxy has C 1 symmetry, while the minimum energy structure of the hydroxymethoxide anion has C s symmetry. The lowest energy C s symmetry structure on the hydroxymethoxy surface is 160 cm −1 above the minimum energy structure and corresponds to a saddle point on the potential surface. By contrast, the harmonic frequency associated with the H-OCO torsion is 240 cm −1 . Based on the above, it is not expected that this torsion vibration will be well-described by a harmonic treatment evaluated at the potential minimum, as is employed in the PESCAL simulation software. These attributes are also seen for the H 2 C(OH)O ·Ã 2 A state, although a larger energy difference between C 1 and C s minima is calculated (968 cm −1 energy difference, 375 cm −1 harmonic frequency of the H-OCO torsion vibration). This is discussed in more detail in Section IV A.
To introduce this large amplitude motion into the FranckCondon simulation, the harmonic wavefunctions for the torsion are replaced by the wavefunctions obtained by solving the one dimensional Schrödinger equation associated with the torsion, described below. The remaining vibrations are treated at the harmonic level, where the normal modes and harmonic frequencies are obtained at the C s saddle point structure for hydroxymethoxy. These frequencies, rather than those obtained at the C 1 minimum, are used because the torsion wavefunction for the electronic ground state of H 2 C(OH)O · has significant amplitude at this higher symmetry geometry, as is seen in Fig. S1 of the supplementary material. In addition, the higher symmetry of the C s saddle point leads to improved separation of the torsion from the other vibrations in the construction of the normal modes due to the absence of coupling between vibrations of A ′ and A ′′ symmetry in the development of the normal modes when the Hamiltonian is expressed in symmetry adapted linear combinations of internal coordinates. This approach is similar to that employed in our earlier study of the photoelectron spectra of CHX 2 , X = Cl, Br, and I, which contained a similar large amplitude vibrational mode. 44 To obtain the torsion wavefunctions, first a onedimensional relaxed potential energy surface is evaluated for the hydroxymethoxide anion by varying the ϕ HOCO dihedral angle while allowing all other coordinates to relax to their values at the minimum energy configuration. This scan (CCSD(T)/aug-cc-pVTZ) was performed from 0
• to 180
• with variable increments (see Table S1 in the supplementary material for calculated points and corresponding energies). In order to better represent the vertical transition region of the potential, which is sampled in the photodetachment experiment, the neutral surface was constructed by calculating the energies of hydroxymethoxy at the optimized anion geometries, as shown in Fig. 1 . These energies were fit to
where the value of A provides the energy of hydroxymethoxy at the minimum energy geometry of hydroxymethoxide, e.g., the vertical detachment energy. The optimized fit parameters are listed in Table S2 of the supplementary material. The eigenvalues and eigenvectors of this potential were calculated by solving the one dimensional Schrödinger equation based on
using a basis of Fourier functions, ψ (ϕ HOCO ) =  1 2π e −i J ϕ HOCO with J = (−100, 100). The G ϕ HOCO ,ϕ HOCO term in Eq. (2) was evaluated using the expressions given by Frederick and Woywod, 45 and fit to an expansion in (1 − cos(nϕ HOCO )), analogous to Eq. (1). Expanding the G-matrix element allows us to account for the effects of geometry changes in the relaxed scan on the effective mass associated with ϕ HOCO . Operationally, the value of G ϕ HOCO ,ϕ HOCO changes by roughly 5% over the range of ϕ HOCO . The expansion coefficients are included in the supplementary material. The FCFs were then obtained by evaluating the overlap of the two lowest energy vibrational states on the hydroxymethoxide anion potential surface with vibrational states on the hydroxymethoxy neutral surface for the electronic state of interest. Because of the separate treatment of the H-OCO torsional mode and the remainder of the normal modes of the neutral hydroxymethoxy radical described above, the reported calculated spectrum was obtained by convolving each FCF of the remaining 3N-7 normal modes (obtained with PESCAL) with the spectrum obtained for the torsional transitions. The resulting FCFs were then convoluted with Gaussian functions of varying fwhm in order to match the experimental resolution, therefore providing a direct comparison between the calculated and experimental spectra. This procedure was repeated for the H 2 C(OH)O ·Ã 2 A excited state using a different level of electronic structure theory (CIS/aug-cc-pVTZ geometry optimization and vibrational frequencies, EOMCCSD/augcc-pVTZ single point energies). The calculations performed here for the optimized geometries and harmonic frequencies of the anionX 1 A ′ and neutralX 2 A,Ã 2 A states are in good agreement with the ones reported by Eisfeld and Francisco 11 (anion: CCSD(T)/aug-cc-pVQZ, neutral: MRCI+Q/aug-ccpVQZ) and Dillon and Yarkony (SA-MCSCF/MR-SDCI).
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III. RESULTS
Following the ion generation procedure described in Section II A, an anion with m/z = 47 was successfully produced. Although H 2 C(OH)O -is the most stable product with m/z = 47 from the association reaction of OH -with H 2 CO, 46 other structural isomers of CH 3 O 2 -could exist in the ion beam. However, the use of photoelectron spectroscopy can unequivocally identify the presence or absence of these other isomers. The photoelectron spectrum of methyl hydroperoxide (H 3 COO -) was reported previously by Blanksby et al., 47 and does not match the reported spectrum here. The other possible isomers at m/z = 47 are H 2 COOH -and HC(OH) 2 -. Based on electronic structure calculations, H 2 COOH -is unstable with respect to isomerization to H 2 C(OH)O -when calculated at B3LYP/aug-cc-pVTZ level of theory/basis. The other possible structural isomer, HC(OH) 2 -, is found to be unlikely, based on the calculated negative electron affinity of HC(OH) 2 (−0.011 eV, B3LYP/aug-cc-pVTZ).
A. Experimental photoelectron spectra and EA(H 2 C(OH)O
· )
The photoelectron spectrum taken with 3.49 eV photon energy is shown in the middle panel of Fig. 2 . The spectrum shows two distinct regions: a structured, regularly spaced progression ranging from 2.2 to 2.7 eV and a broader, partially resolved peak which spans from ∼2.8 to 3.5 eV. The top panel of Fig. 2 shows the anisotropy parameter β as a function of eKE (top horizontal axis). The β parameter has a positive value ( β = +0.3(2)) for the broad, high eBE peak, while peaks A-D show increasingly negative β values, where peak A has β = −0.65 (6) . Generally, 39 a positive β is associated with a photoelectron originating from an anion molecular orbital with more s-character, while a negative β is associated with photodetachment from an anion molecular orbital with more p-character. A quantitative determination of the fractional s or p character of these anion molecular orbitals cannot be extracted from this experiment. However, the difference between the photoelectron angular distributions indicates that the two regions of the spectrum can be associated with detachment to form two different electronic states of neutral hydroxymethoxy radical. Using a simple symmetry-based analysis, a transition from the anion HOMO (a ′′ symmetry orbital) is associated with a negative β, while a transition from the anion HOMO-1 (a ′ symmetry) is associated with a positive β. 48 The ground and first excited states of CH 2 (OH)O · , using the C s symmetry labels valid at ϕ HOCO = 0
• , are described bỹ 11 Thus it is most likely that the higher energy electronic state that is observed is the excited H 2 C(OH)O ·Ã 2 A state.
The lowest eBE peak in the spectrum, peak A, has a fwhm of 0.036 eV, a value close to the experimental resolution, suggesting minimal rotational broadening. See Section II A for more details. Surprisingly, all other peaks in the spectrum are considerably broader despite having lower eKE. This indicates that there are other contributions to the observed width. Thẽ A 2 A excited state peak is located at the high eBE (low eKE) region, where an isolated peak at eKE ∼0.5 eV would be expected to have a width of ∼15 meV. The fact that no sharp peaks are observed in theÃ 2 A state, particularly at the high binding energy edge of the spectrum, suggests that there is likely a large degree of spectral congestion in this region of the spectrum (discussed further in Section III C). TheX 2 A ground state progression, on the other hand, also exhibits increasingly broad peaks regularly spaced by ∼0.14 eV (1130 cm −1 ) as the eKE is decreased (eBE is increased). This suggests that peaks B-D consist of multiple vibrational transitions, which are not resolved at this eKE. Therefore, the use of a lower photon energy for photodetachment, yielding a lower eKE spectrum, should reduce the peak widths and provide a more structured spectrum of theX 2 A state of hydroxymethoxy radical. The photoelectron spectrum of hydroxymethoxide obtained with 2.737 eV photons (453 nm) is shown in the top panel of Fig. 3 . The peak labels shown in Fig. 3 are the same as the ones shown in Fig. 2 . This spectrum shows more resolved structure compared to the initial low resolution photoelectron spectrum from Fig. 2 . Indeed, peaks B-D show additional resolved structure compared to those peaks in Fig. 2 . Peak A now has a fwhm = 0.018 eV (fwhm/eKE = 3.5%), a factor of 2 improvement in absolute peak width when compared to the same peak in Fig. 2 . In order to fully resolve the origin transition (peak A) and accurately determine the EA of H 2 C(OH)O · , an even lower eKE (therefore higher resolution) photoelectron spectrum using 2.33 eV photon energy is obtained.
The high resolution photoelectron spectrum taken with 2.33 eV photons (532 nm) is shown in the top panel of Fig. 4 . This spectrum shows peak A with fwhm = 0.008 eV-another factor of two improvement in peak width when compared to the same peak in Fig. 3 . Because the transitions that compose peak A are now clearly resolved, the peaks are relabeled with lowercase letters for individual assignments. Figure 4 shows a clear origin of the vibrational progression centered at 2.2205 eV (peak a), which corresponds to the transition from the ground vibrational state of the H 2 C(OH)O -anion to the ground vibrational state of the neutral H 2 C(OH)O ·X 2 A radical. After a small shift to correct for an unresolved rotational envelope 49 (see the supplementary material), and inclusion of the uncertainties associated with the measurement, the EA of the hydroxymethoxy radical is assigned as 2.220(2) eV. This agrees very well with the calculated EA from this work (2.19 eV) and with that from a higher level (multireference) calculation (2.232 eV). 11 The uncertainty on the EA and the vibrational frequencies reported below come primarily from the energy scale calibration (see the supplementary material for a detailed description of how the uncertainties are obtained).
B. H 2 C(OH)O ·X 2 A vibrational assignments
The H 2 C(OH)O ·X 2 A vibrational progression, depicted in Fig. 3 , is characterized by an intense origin transition, followed by a progression of decreasing intensity and increasing congestion. Based on the changes in geometry between the anion and neutral equilibrium structures (see Table I ), which shows the largest changes occurring in the ∠ O1CO2 and ∠ H3O2C angles and r CO2 bond length, one might expect the most active vibrations to consist of OCO and HOC bends, symmetric and asymmetric OCO stretching vibrations, and combination bands involving these vibrations. The calculated photoelectron spectrum (lower panels of Figs. 3 and 4) indeed shows that the groundX 2 A state progression (features A-D) is composed primarily of the vibrations ν 11 (OCO bend), ν 9 (OCO symmetric stretch), ν 8 (OCO asymmetric stretch), ν 5 (out of phase HOC bending/CH 2 wagging), and ν 4 (HCH bend). See the supplementary material for the description of the molecular motion associated with all modes. In fact, the center of peaks A-D is separated (on average) by ∼0.14 eV (1130 cm −1 ), which roughly corresponds to the OCO asymmetric stretching vibration (ν 8 ). The H-OCO torsion vibration (ν 12 ) is also active, and will be discussed in detail in Section IV A. Eisfeld and Francisco 11 report extensive calculations on the hydroxymethoxy radical and include a simulated photoelectron spectrum of the anion accessing the groundX 2 A state of the neutral, but not including the HOCO torsional mode. In spite of the fact that the reported geometries and frequencies of the anion and neutral groundX 2 A state are very similar to the current work, the previous photoelectron spectrum simulation produces an extended vibrational progression, spanning close to 2 eV. The overall simulated photoelectron spectrum reported here is in excellent agreement with the experimentally observed spectrum and so it is used as an aid in order to assign the various vibrational transitions responsible for the dominant peaks in the structured photoelectron spectrum shown in Figs. 3 and 4 .
The spectral congestion apparent in peaks C and D in Fig. 3 , and confirmed by the photoelectron spectrum simulation, makes individual transitions within these peaks impossible to assign. However, peak B appears to be much 
, and H 2 C(OH)O ·Ã 2 A (CIS/aug-cc-pVTZ), as well as the difference between structural parameters of the anion and neutral structures (∆ = anion structure − neutral structure). Figure 1 shows the atom numbering used in this work. The values in boldface show the largest geometry changes. These calculated geometries agree well with the values in Refs. 11 and 26. less congested, and based on the experimental spectrum, peak B in Fig. 3 appears to consist of four peaks. The calculated spectrum shows that five transitions are primarily responsible for the structure in peak B, namely, transitions from the ground vibrational level of the anion to one quanta, each of modes ν 9 , ν 8 , ν 6 , ν 5 , and ν 4 (labeled in Fig. 3 ). The transitions to the fundamentals in ν 9 and ν 8 , which correspond to the OCO symmetric and asymmetric stretches, respectively, are in a region where the spectral congestion is minimal and shows very good agreement with experiment. Consequently, these transitions are unequivocally assigned, and the observed frequencies, calculated from the difference between the peak positions and the origin (EA) position, are presented in Table II . The assignments of the ν 6 , ν 5 , and ν 4 fundamentals are not made due to the larger degree of spectral congestion. The higher resolution spectrum presented in Fig. 4 has six labeled peaks, all of which are captured in the photoelectron simulation. From this spectrum, in addition to obtaining an accurate EA(H 2 C(OH)O · ), transitions to the lowest frequency active modes are resolved, namely, the OCO bending vibration (ν 11 ), the H-OCO torsion vibration (ν 12 ), and a few combination bands. Peak d can now be assigned as the transition from the ground vibrational level of the anion to the state on the neutral potential with one quantum of excitation in the OCO bend. Peaks b and a ′ are assigned to transitions involving the H-OCO torsion, namely,
, which is further discussed in Section IV A. Throughout this manuscript, primes (double primes) are used to denote vibrational levels in the neutral (anion) electronic state. The peak positions (absolute eBE and relative to the EA) for the peaks labeled in Figs. 3 and 4 are given in Table S6 .
C. H 2 C(OH)O
·Ã 2 A Photoelectron detachment to form H 2 C(OH)O ·Ã 2 A results in a relatively unstructured photoelectron spectrum (Fig. 2) , peaked at ∼3 eV with a fwhm of ∼0.5 eV. As mentioned previously, since there is an approximately constant resolution (fwhm/eKE) of 3%, the narrowest peaks should be at low kinetic energy (large binding energy), meaning that detachment to theÃ 2 A excited state should be the best resolved in this spectrum. This is not what is observed, which implies that photodetachment to theÃ 2 A excited state could result in a large degree of spectral congestion.
In order to test this hypothesis, a photoelectron spectrum simulation based on excitation to theÃ 2 A state of H 2 C(OH)O · was calculated using the methods described above. Based on the measured EA(H 2 C(OH)O · ) and the calculated T 0 of H 2 C(OH)O ·Ã 2 A (0.377 eV 26 or 0.390 eV 11 with respect to H 2 C(OH)O ·X 2 A), the origin of the excitedÃ 2 A state was initially assumed to be approximately 2.6 eV. The resulting photoelectron spectrum simulation is shown in Fig. 2 (bottom panel) and in the supplementary material (Fig. S4) . The spectrum shows a large degree of spectral congestion, primarily involving transitions to overtones and combination bands of the H-OCO torsion (ν 12 ), OCO asymmetric stretching (ν 9 ), and out-of-phase HOC bending/CH 2 wagging (ν 5 ) vibrations. The simulated spectrum peaks ∼0.3 eV above the origin, and extends for at least another 1 eV. Since the experimental photon energy used is only 3.49 eV, the simulated spectrum shown in the lower panel of Fig. 2 is truncated at 3.49 eV. In addition, a threshold scaling factor 50, 51 is introduced to help mimic the low eKE edge of the observed spectrum. Given that the experimentally observed positive anisotropy indicates that this excitedÃ 2 A electronic state is a result of electron detachment from an orbital with relatively more s-like character than when the electron is detached to form the groundX 2 A state of H 2 C(OH)O · , the outgoing electron is approximated by a p-wave. Thus, the photodetachment cross section scales as eKE l+0.5 , or eKE 1.5 . This means that there is a much stronger threshold effect for the onset of the excitedÃ 2 A state compared to the ground X 2 A state. This scaling factor for the detachment cross section also explains why there are no observed peaks that can be unequivocally assigned to the origin of the excited A 2 A state spectrum in the low eKE region of the 453 nm spectrum.
The overall photoelectron simulation matches the experimental spectrum very well, despite the harmonic treatment and assumption of separable vibrational modes, both of which likely result in undercounting the density of states on theÃ 2 A potential surface. There is a repeating pattern of peaks in the simulation, spaced by ∼1200 cm −1 (0.15 eV, or approximately one quanta of the neutral ν 9 vibration), which is a result of overtones in the OCO asymmetric stretching (ν 9 ) and HOC bending/CH 2 wagging (ν 5 ) vibrations. Because the origin of the H 2 C(OH)O ·Ã 2 A state is obscured by transitions from the anion to high lying vibrations in the H 2 C(OH)O ·X 2 A state, there is some uncertainty in the spectrum's origin, shown in Fig. 2 as 2 .615 eV to best match the experimental spectrum while still remaining close to the calculated origin. The calculated spectrum could just as easily shift by ±0.15 eV, which is the spacing of the repeating pattern of peaks in the simulation, and still match the overall experimental spectrum. However, a shift this large seems unlikely, given the high level multireference calculations of the H 2 C(OH)O ·Ã -X term energy.
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IV. DISCUSSION
A. H-OCO torsion
The H-OCO torsional potential energy surfaces for the anion and neutral groundX 2 A and excitedÃ 2 A states can be found in Fig. 1 and in the supplementary material (Figs. S1 and S2 and Tables S1 and S2). As mentioned in Section II B, theX 2 A state of the anion has its minimum energy geometry at ϕ HOCO = 0
• . Although there is a higher energy minimum in the trans H-OCO configuration (ϕ HOCO = 180
• , ∼1200 cm −1 relative to the global minimum), the barrier to conversion from the trans to cis configurations is too low (on the order of 20 cm −1 ) to support any bound vibrational levels. For both the groundX 2 A and excitedÃ 2 A states of H 2 C(OH)O · , the H-OCO torsional potential exhibits a double well, with the equilibrium structures corresponding to ϕ HOCO = ±48
• and ±70.9
• for theX 2 A andÃ 2 A states, respectively. The multireference treatments of theX 2 A state surface by both the Yarkony and Francisco groups results in an increase in the ϕ HOCO angle for the equilibrium H 2 C(OH)O ·X 2 A structure (±59.6
• and ±57
• , respectively). Depending on the level of theory used with single reference methods, this dihedral angle for the equilibrium structure can range from ϕ HOCO = ±23
• (B3LYP/aug-cc-pVTZ) to ϕ HOCO = ±56
• (MP2/aug-cc-pVTZ). Like the anion, the trans configuration (ϕ HOCO ∼ 180
• ) of theX 2 A state of the neutral is much higher in energy than the cis configuration, and is separated from the global minimum by a very small barrier. In the neutralÃ 2 A excited state, the trans configuration is higher in energy and unstable with respect to isomerization. In all cases, the relative stabilities of the cis and trans isomers arise from the stabilization of the cis isomer due to intramolecular interactions between the terminal oxygen (O1) and hydrogen (H3) atoms, as illustrated in the inset of Fig. 1 . This interaction will be strongest in the anion, where the excess electron is localized on O1 leading to a stronger O -· · ·HO ionic hydrogen bond.
The two equivalent minimum energy structures have C 1 symmetry with ϕ HOCO = ±48
• or ±70.9
• , which are separated by a barrier in both the groundX 2 ). 26 As mentioned previously, the vertical detachment region of the potential energy surface is what is accessed in the photoelectron detachment experiment performed here. In this region, the barrier lowers to only 50 cm −1 for the groundX 2 A state and 255 cm −1 for the excitedÃ 2 A state. Based on the one-dimensional calculations of energies and wavefunctions for the H-OCO torsion performed using the potential cut shown in Fig. 1 , we find that in the ground electronic state, the zero-point level lies 11 cm above the barrier to rotamer conversion, and the wavefunction has its largest amplitude at ϕ HOCO = 0
• . In the excitedÃ 2 A electronic state, there is still a barrier with respect to zero-point motion, and the ground vibrational state lies 99 cm −1 below the barrier to free internal rotation. These conclusions agree well with those drawn by Dillon and Yarkony 26 based on their potential energy surfaces (which had all coordinates, besides ϕ HOCO , constrained to the equilibrium geometry of the anion) 26 and those drawn by Eisfeld and Francisco, 11 who excluded this coordinate from their work for this reason.
The consequences of the anion and the vibrationally averaged structure of neutral H 2 C(OH)O · both having C s symmetry lead to vibrational symmetry selection rules in the electronic spectra, resulting in vibrational modes ν 10 (in plane HCH rock), ν 7 (out of plane HCH rock), and ν 2 (HCH asymmetric stretch) not being active in the photoelectron spectrum (see the supplementary material for mode description). Moreover, the selection rules of the torsional transitions are determined by the parity enforced by the symmetry of the potential, as emphasized by the double-headed arrows shown in Fig. 1 . Because of the parity selection rules in the torsional coordinate, peak b is assigned as
0 . Based on the difference in peak positions between peak b and the EA, the neutral 2ν 12 has a frequency of 220 (10) cm −1 . Peak a ′ is assigned as the anion-neutral sequence band ν 12 (v ′′ = 1 → v ′ = 1), located 180(60) cm −1 from the origin transition (peak a). Because the ν 12 fundamental frequency for either the anion or neutral cannot be measured directly, and the neutral H-OCO potential is highly anharmonic, the anion and neutral ν 12 fundamental frequencies cannot be directly obtained from the measured 2ν 12 overtone or the position of the ν 12 (v ′′ = 1 → v ′ = 1) sequence band. We can, however, use a combination of the calculated anion fundamental frequency ν 12 (v ′′ = 0 → v ′′ = 1) = 269 cm −1 from the anion torsional potential energy surface (which is well-described as a harmonic oscillator near its equilibrium structure) in combination with the experiment to derive the ν 12 fundamental frequencies. Using the calculated ν 12 (v ′′ = 0 → v ′′ = 1) and the position of the ν 12 (v ′′ = 1 → v ′ = 1) sequence band in relation to the EA, the neutral ν 12 fundamental frequency ν 12 
By comparison, the calculated neutral ν 12 fundamental frequency (92.3 cm −1 ) is very close to this value, which is calculated using the one-dimensional potential shown in Fig. 1 (based on the relaxed geometries of the anion). When a relaxed scan of the neutralX 2 A torsional potential energy surface is used instead, this frequency drops to 36.7 cm −1 due to the larger barrier along this cut of the potential. This comparison further validates the approximations made in the treatment of the torsional mode. In addition, using this in combination with the measured neutral 2ν 12 
The error bars on these frequencies are defined by the experimental error bars on the peak positions. This can be compared to the calculated values of 170 cm −1 for the neutralX 2 A potential energy curve calculated at the anion relaxed scan geometries (as shown in Fig. 1 ) and 155 cm ·Ã 2 A could not be measured due to the highly spectrally congested spectrum (including spectral overlap with detachment to the ground X 2 A state) and the relatively low-resolution of the spectrum shown in Fig. 2. 
B. Methanediol thermochemistry
The measurement of the EAs of molecules can provide information about the gas phase chemistry of their protonated counterpart with the use of a thermochemical cycle. The thermochemical cycle for methanediol is described by the following: , this would not be a fair comparison, especially with respect to the Jahn-Teller coupling that was essential for a proper interpretation of the methoxide and ethoxide photoelectron spectra. There, the substitution of a methyl group from methoxy to ethoxy was seen as a perturbation of the JahnTeller distortion, and an accordingly strong coupling and small energy difference between the neutral radical ground and first excited electronic states. However, the substitution of a hydroxyl group drastically changes the electronic structure and any neutral ground/excited electronic state coupling, as described by Dillon and Yarkony. 26 Experimentally, there is at least an order of magnitude larger energy difference between the ground and first excited electronic states in hydroxymethoxy compared to ethoxy. While there is still significant coupling between the ground and first excited electronic states in hydroxymethoxy, exemplified by a lowlying seam of conical intersection, there are substantial differences in the topology of the electronic state surfaces of hydroxymethoxy compared to the classic Jahn-Teller topology found in the electronic structure of methoxy radical (or even in the pseudo Jahn-Teller ethoxy radical). See Ref. 26 for a thorough discussion on the topic.
The photoelectron simulation of detachment forming H 2 C(OH)O ·Ã 2 A captures the experimental data very well (Fig. 2) . The differences between the experiment and simulation are most likely due to the separable harmonic treatment employed here. However, it would be interesting if there is any additional broadening or spectral congestion in the high eBE portion of the photoelectron spectrum that could be due to any nonadiabatic coupling between the two electronic states of the neutral. Interestingly, Dillon and Yarkony found that there is a significant dependence on the ϕ HOCO torsion coordinate for the energy of the seam of conical intersection between the two states, ranging from ∼0.38 eV to ∼0.53 eV above the ground electronic state minimum. 26 This is energetically accessible in the experiments performed here. However, whether or not photodetachment accesses these regions of strong coupling on the neutral potential energy surfaces is unknown. While the calculation used here certainly matches the experimental spectrum qualitatively, a more detailed calculation including the possible effects of nonadiabatic coupling would be interesting.
V. CONCLUSIONS
Photodetachment of the hydroxymethoxide anion, H 2 C(OH)O -, with 355 nm photons forms the ground (X 2 A) and first excited (Ã 2 A) states of H 2 C(OH)O · . The photoelectron spectrum provides the electron affinity of H 2 C(OH)O · (EA = 2.220(2) eV), together with the measurement of several vibrational frequencies of the hydroxymethoxy radical in itsX 2 A electronic state. Thẽ A 2 A excited state spectrum is characterized by a long vibrational progression, which results in a mostly unstructured photoelectron spectrum with anX →Ã excitation term energy of ∼0.4 eV. The Franck-Condon activity in specific vibrational modes is indicative of a change in the equilibrium structures between the anion and neutral states. The H-OCO torsion is one of the main active vibrations in the spectra, along with overtones and combination bands of the OCO stretching and HOC bending/CH 2 wagging vibrations. Motion along the neutral H-OCO torsional double-well potentials is not well described by the harmonic oscillator approximation and hence requires explicit treatment to calculate the associated Franck-Condon factors, unlike the other vibrational modes. The resulting calculated photoelectron spectra for detachment to both groundX 2 A and excitedÃ 2 A states show good agreement with the experimental data, supporting the interpretation of the spectra. Because of the agreement between calculation and experiment, the inclusion of nonadiabatic vibronic coupling between the electronic states of hydroxymethoxy does not appear to be necessary to reproduce accurately the experimental photoelectron spectrum. This observation further separates hydroxymethoxy from other small substituted alkoxy radicals, such as ethoxy (H 2 C(CH 3 )O · ), in which the inclusion of vibronic coupling was crucial to simulating the experimental photoelectron spectrum.
SUPPLEMENTARY MATERIAL
See supplementary material for additional information regarding the calculations and analysis.
